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MODELLING PENETRATION BY SLENDER HIGH KINETIC

ENERGY PROJECTILES

INTRODUCTION

Slender, high kinetic energy projectiles are formidable weapons for the
defeat of armour and hence research into aspects of improvement of such

projectiles and the armour for their defeat is a high priority task. Whilst
engineering developments have been outstanding in this area, scientific
investigations of the mechanics of penetration have been following rather than
guiding the progress. Computer codes have been developed which can handle
certain aspects of the problem in three dimensions, and which have had some

success in studying penetration. However the codes cannot at this stage
successfully treat deep penetrations and, in many of the problems which they
do simulate successfully, the physics tends to be hidden by the complexity and
detail of the output.

This report deals with an alternative approach to the quantitative
description of deep penetration. In earlier work [I1 a model was developed
which transforms the problem of penetration by a deforming projectile into a
one dimensional system. This model is described and comparisons of

4calculations using the model with a range of experimental data are presented

both to assess the accuracy of the model and to investigate the influence of
projectile shape on penetration behavior. A parametric study on the

influence of material properties on the depth of penetration is performed, and

the mechanics of projectile break-up and erosion are considered. The
computer program for the model is listed in the Appendix with a sample input

and output.

DESCRIPTION OF THE MODEL

The problem being considered is that of deep penetration of a semi-

infinite target by a cylindrical rod projectile. The model is outlined below

with a description of certain physical aspects and the principal equations; a

more detailed discussion of the assumptions has been given elsewhere [I1.
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Figure 1 shows an idealized picture of a penetrator being fired into a
semi-infinite target and the equivalent model of two cylinders impacting end
on; one had an initial velocity equal to the projectile velocity and one was
initially at rest. The model projectile and target cylinders are divided
into a series of elements and the stress state of each element is considered
individually. Target material experiences a constraint to radial motion due
to the necessity to displace surrounding material; this effectively increases
the flow stress and is taken into account by adding a constraint factor.
Target elements also experience a shear stress along their edges as they are
pushed forward in the target. Projectile elements within the target whose
diameter is sufficient to touch the sides of the hole, defined as the diameter
of the interface projectile element, also experience constraint to their
deformation due to the surrounding target material and shearing at the edges
between the projectile and the target. Other projectile elements experience
no constraint or shearing. A further restriction on the radial motion comes
from the influence of radial inertia, a term which is used to account for the
work associated with acceleration of material in the radial direction as a
cylindrical element is compressed at constant velocity.

To mathematically handle the problem each cylindrical element of
penetrator and of target is represented by a point mass and a connecting link

* whose length equals the element length, the diameter of the cylinder being
calculated from the length assuming constant volume deformation. The
division of projectile and target into masses and ligaments is illustrated in
Fig. 2. The method is based on a solution to the projectile mushrooming
problem by Hashmi and Thompson [2] and the equations of motion of mass mi at
time tj are given by

Ni+ 1,j - Ni,j - Ti,j - mi Ui,j = 0 1(a)

Ni,J - Ni_.,j + Ti,j - mi ti,j = 0 l(b)

*Equation l(a) applies to the projectile and equation l(b) applies to the
target. The subscript notation is different for the penetrator and the
target as the sequence of masses and ligaments is reversed at the interface as
shown in Fig. 2.

Ni is the normal force on element I,

Ti the shear force,

the acceleration and

Mi Is the element mass.

Having obtained the acceleration of the mass from equations (I), the new
element positions (ui) are obtained using the central difference equation (2]

ui,j+l S Ui,j (St)2 + 2ui,J - ui,j-i (2)
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and the time increment (6t) is related to the time (tj) through

6t - ti+1 - tj (3)

The magnitude of the shear force (Ti) on an element of material is given
by

IT JI - D0,j h *,j O 4(a)

and ITIji = D O20,j ",j lot 4(b)

where 4(a) applies to a projectile element and 4(b) to a target element; the
equations equate the shear force to the shear flow stress times the area of
the cylindrical element surface. The material is assumed rigid/plastic in
shear and the strength is related through the von Mises criterion to the
strength 0 of the material, described below. For the projectile the 00 0

value chosen (a,*) is the lesser of O? and (ot for the projectile and target
respectively to represent shearing at 0 he interface in the weaker solid. For
the target Cot is used. D is the element diameter and h is the element
height. For the target all elements are taken to have a diameter equal to
the projectile interface diameter for the shear calculations to simulate a
plug of this diameter being pushed forward in the target; for the program
given in the appendix, this is element 20 and hence the use of D20 in equation
4(b). The sign of the shear force is set such that the shear force opposes
the motion of the element. All target elements are subject to a shear force
if they move; only those projectile elements which move and at the same time
are below the target surface and have a diameter greater than or equal to the
interface element diameter (Di > D2 0) experience a shear force. For these
calculations we have had to define a target surface and a hole diameter; the
target surface is the initial position of the interface as modified by the
movement of the last element, which is generally negligible in the time of the
event, and the hole diameter is defined as the diameter of the interface
projectile element.

The normal force (Ni) on an element is given by

Ni f (= i + Ori)(Ai + Ai_l)/2 5(a)

and Ni = ('I + Ori)(Ai + Ai+l)/2 5(b)

Equation 5(a) applies to the projectile and 5(b) to the target.

a is the compressive flow stress of the material, a
function of its strain,

ari is an increment in stress due to radial inertia,

and Ai is the area of element i calculated by assuming
deforming elements maintain a constant volume.
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The use of a mean area in equations (5) has been justified by Woodward
and Lambert [3] who demonstrated that it leads to a more accurate differencing
scheme for the basic Hashmi and Thompson [2) method. The stress due to
radial inertia is based on solutions for the axial compression of
cylinders [4-6]. With a material of density P and considering each element
as a cylinder with end velocities ti' the relation for 0 ri is

3 (D 1)2 2
0ri = 94 P ( h - uI-1) 6(a)

3 (Di\2 "  .2 6(b)

and ari U Pt Ch (Ui+l - ui)

where equation 6(a) applies to the projectile and 6(b) to the target.

Each material is characterized by a stress/strain relation of the form

a = 0 0n 
7 (a)o

and an elastic modulus E which is used for unloading. 0 and n are

constants and E is the strain. As noted previously, the material is assumed
to be rigid/plastic in shear so that using the von Mises criterion the shear
yield stress is taken as 0 //3. The shapes of the stress/strain curves used
for various situations are illustrated in Fig. 3. For compression the target
elements follow the relation

nt
a = 2.7a o 7(b)

ot

on loading and unload along an elastic line of constant slope. The factor
2.7 is the constraint factor included in the program to account for the
restriction to radial flow due to the surrounding material in the target; it
can be determined by independent quasi-static mechanical tests [7].

* Projectile elements which are unconstrained use their uniaxial stress/strain
relation as expressed in the form of equation 7(a); however if projectile
elements are inside the target and have a diameter greater than the hole
diameter they have a stress/strain relation of the form

n
o = 0 P + 1.7 o 7 (c)

op ot

The contribution of target strength is for constraint.

All unloading uses an elastic line of equation

a = EE + c (8)

where the constant c is determined from the state of plastic strain at each
step. As a simplification work hardening was only allowed after reloading
past the previous maximum compressive strain; as very little unloading occurs
this is not a severe penalty.

In the program a single parameter can be used to specify whether or not
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constraint and shear stresses are to apply to projectile elements. This
parameter, B , is specified as one if constraint and shear stresses apply to
projectile elements and zero if they do not. At the surface of the target Bi
is graded between zero and one, linearly, to give a smooth transition.

Erosion of an element has been allowed for if it is reduced to less than
one tenth its original length; this is an arbitrary figure and was used to
signify the effective removal of the mass from the zone of interest when its
radial displacement became large. The significance of erosion mechanisms to
projectile break-up is discussed later; however it is noted that for all
cases of projectiles of practical dimensions considered in this report,
erosion by radial flow of material, as allowed for in the model, did not
occur.

The computer program is listed in the Appendix with a sample input and
output and a description of some of the symbols and options. The program
listed uses 20 projectile and 30 target elements. For the calculations
reported in this work this program was only used if the length to diameter
ratio of the projectile was greater than ten. For all other calculations a
version with 10 projectile and 20 target elements was used; the difference
in the calculations using the different element numbers is very small. The
computer program treats one specific problem, the penetration of a semi-
infinite target by a cylindrical projectile. A model of the mechanics has
been built into the program as described above and the object is to use this
model to enable quantitative calculations to be made which should give us an
understandiag of the penetration process. If the model gives useful insight
and quantitative answers, then it should be possible to use the same basic
approach with more complex problems.

COMPARISON WITH EXPERIMENT

The model was initially developed in comparison with small scale
experiments and these results are given below. To test the model more
thoroughly, comparison is also made with published experimental data for
larger rounds, rounds of high length to diameter ratio, and cases in which the
shape of the round significantly influences the results.

Plots of projectile final length and depth of penetration as a function
of velocity are given in Fig. 4(a) for copper (A) cylinders fired into 2024
aluminium-alloy (B) targets, and in Fig. 4(b) for sintered tungsten alloy
Kennertium W2 (C) cylinders fired into mild steel (D) targets. The letter
designating each material allows Its mechanical properties to be identified in
Table I. Examination of Fig. 4 shows there is an underestimate of depth of
penetration for the copper projectiles fired into aluminium; however,
otherwise the quantitative agreement is quite good. The depth of penetration
increases continuously with increasing velocity; however the projectile final
length appears to approach a lower limit at the higher input velocities.
This lower limit is associated with the restriction to radial expansion
provided by the constraint of the surrounding target material and by the
radial inertia. The strength parameters for these materials, listed in
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Table I, were determined by uniaxial compression tests on the same materials
as used in the ballistic experiments.

Tate et al. [8] published data for depth of penetration as a function of
velocity for tungsten alloy rods fired into armour steel. The rods were of
various weights up to 65 grams and for three length to diameter ratios, 3, 6
and 12; this represents a significantly larger scale than the previous
case. The properties assumed for the tungsten and armour steel for the
calculations are given as E and F respectively in Table I and are based on
experimental data for what are considered similar materials. Calculations
were performed for all the mass, length to diameter ratio and velocity ranges
used by Tate et al. and three curves result which are compared with the
experimental data in Fig. 5. For the length to diameter ratio of three there
is good agreement between the calculations and the experiment; however for
higher length to diameter ratios the model underestimates the depth of
penetration. The discrepancy is not ascribed to the assumed stress/strain
properties but, as will be discussed below, may be due to a combination of the
neglect of thermal softening effects and the fact that a more suitable erosion
method based on shearing is required. Nevertheless the general velocity
dependence of the depth of penetration predicted by the model is correct.

Figure 6 gives plots of experimental data for flat tungsten cylinders
and ogive tungsten and U - 2Mo alloy penetrators obtained by Brooks and

* Erickson [9]. The results demonstrate the significant influence that shape
can have on performance at low velocities; above a certain transition
velocity the curves for the ogive penetrators drop back close to the curve for
flat-ended tungsten projectiles. As shape cannot be handled with the model,
a comparison was made with the flat-ended case using ao and n values for the
materials estimated from the Brooks and Erickson [9] data. For the tungsten,
the properties are given as material G in Table I and the projectile mass used

was 36.4 g, which is the same as the mass used in the experiments for both the
( cylinder and the ogive cases. For the target, material I in Table I, the a

and n values were forSAE 4130 steel of the same hardness as theSAE 4340 steey
used In the experiments. Calculations were also performed for a flat-ended
U - 2Mo alloy penetrator, material H in Table I, using a mass of 39.3 g which
is the mass of the experimental ogive penetrators. The agreement of the
model calculations, Fig. 6, with the experimental results for flat-ended
penetrators is quite good. Furthermore, comparison of data above the
transition velocity for ogive tungsten and U - 2Mo alloy rounds indicates that
the latter penetrates deeper at the same velocity and this is indicated
correctly by the model calculations for cylinders of the same mass, as used in
the experiments.

Based on these comparisons between the model and experiments, it is
clear that the general features of penetration depth and penetrator
deformation as a function of length to diameter ratio and velocity can be

*j handled for cylindrical projectiles; furthermore the quantitative results are
useful. Care must be taken with calculations for penetrators which have
significant deviations from a cylindrical shape as the model greatly
underestimates their penetration efficiency at low velocities. At high
velocities shape is not as important; however at these velocities the model
tends to underestimate penetration depth. In developing the model the
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influence of strain rate and thermal softening were ignored and all
calculations use isothermal quasi-static stress/strain data. To a certain
degree the thermal softening will be balanced by the increased flow stress due
to the high strain rate; however it is suspected that thermal softening may
be dominant at the highest speeds and lead to some departure of the model from
experiment. It may be possible to include both strain-rate effects and
thermal softening with a subroutine for situations in which sufficient
materials data are available; however, in comparing materials, particularly
if they are similar, some progress can be made by doing a comparative study
with isothermal quasi-static data. Another way of improving the model would

be to give consideration to other erosion mechanisms as will be discussed in
the next section. The model itself is an approximation and an appreciation
of its accuracy is more useful than complicating the physical description for
the sake of coincidence with experiment at all points.

PROJECTILE EROSION AND BREAK-UP

The results of Brooks and Erickson [91 in Fig. 6 show a transition at
high velocities where increase in projectile velocity leads to a reduction in
depth of penetration; the transition is very material dependent and has been
shown to be a function of projectile geometry [10]. A similar transition was
observed with the present model calculations at high velocities, the
transition being associated with the rapid erosion of elements in the form in
which erosion is included in the model. In this section the phenomenon is
examined, keeping in mind the simple concept of erosion which is being used.

In the model, as it presently stands, projectile elements are allowed to
erode if their height is reduced to 0.1 of the original (diameter increased by
a factor of /10). This factor is arbitrary and can be changed simply in the

d program; however, it is an expression of the fact that large-diameter
elements would be eroded at their edges and the remaining mass would be

insignificant compared with that of other elements and is thus removed from
the calculation. With the practical problems considered in the previous
section, erosion by the proposed mechanism did not occur with the factor set
at 0.1; this is principally because the stress due to radial inertia becomes
high for squat elements. The situation is more interesting, however, if the

projectile diameter is made small.

Figure 7 shows some of Brooks (101 data replotted for tungsten
projectiles (Kennertium W2) fired into SAE 4340 steel blocks. The penetrator
was ogival but with a rounded nose of radius 1.27 mm (approximately 2.5 mm
diameter). The transition shown in this figure is the smallest observed by
Brooks [101. It was absent for cylindrical projectiles of the same calibre,

and it increased in magnitude as the tip diameter in the ogival projectiles
was decreased. A plot of depth of penetration as a function of velocity
calculated from the model for cylindrical projectiles of the same diameter
(8.86 mm) and mass using properties of materials C and I in Table I is also
given in Fig. 7 for comparison; as with the case of Fig. 6 the depth of
penetration is underestimated partly due to the shape effect. An examination
of the influence of projectile diameter on penetration behavior is made as

7
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follows. Keeping projectile length and density constant, the radius, and
hence the projectile mass also, was reduced and depth of penetration versus
velocity curves plotted in Fig. 7. This was done for various projectile
radii. There is a significant change in the shape of the depth/velocity
curve between 2.0 mm and 1.5 mm diameter which is associated with the
elimination of elements by the erosion mechanism and at 1.0 mm diameter a drop
in depth with increased velocity occurs as elements Tre eroding
continuously. For practical velocities (< 2000 ms- ) and these material
properties, this mechanism of erosion occurs only for projectile diameters
less than 2.0 mm diameter; the exact dimension depends on the figure selected
for the height reduction at which an element is deleted and to this extent the
discussion of the phenomenon is only semi-quantative.

The theoretical results can be summarized as follows. For large-
diameter high-density projectiles, the radial inertia term is sufficient to
prevent unrestricted radial flow of the projectile. Erosion of such
projectiles must occur by other means which would include shearing off of the
edges of elements which have expanded at the front of the projectile, for
penetrators of limited ductility fracture of deformed elements, and in some
cases perhaps adiabatic shear failures. For small-diameter projectiles, the
radial inertia is too small to restrict the radial expansion and hence removal
of material from the line of penetration by radial expansion, and effectively
from the problem, is possible. For the present material properties, this
erosion rate is significant if the projectile diameter is less than about 1.5
mm, depending on the criterion used to discard elements in the model.

The calculated projectile diameter at which erosion by this mechanism
becomes significant is of the same order of magnitude as the projectile tip
diameter at which the transition in behavior in Brooks' [9] results also
becomes significant; furthermore, the velocity range is approximately
correct. The following explanation in terms of the model is essentially that
suggested by Brooks [10]. If the tip of the projectile is of small diameter,
then at high velocities it can flatten rapidly by radial ejection of
material. The projectile which is left is closer to a cylindrical shape and
hence at high velocities the depth/velocity relation should be closer to that
of a cylinder. Above a certain tip diameter, radial inertia prevents
unrestrained collapse of the tip and hence no change in behavior is
observed; instead, the geometry is such that the behavior can be expected to
be closer to that of a cylinder over the whole velocity range.

The improved performance of ogive projectiles over flat-ended
*projectiles at low velocities, as illustrated by the results of Brooks and

Erickson [9l in Fig. 6, indicates that at such velocities they are more
resistant to deformation. In experiments using sintered-tungsten conically-
ended projectiles fired into steel targets, the remarkable stability of the
nose at low velocities was demonstrated [1] and such a case is shown in Fig.
8. The present model gives no clue to the stress situation in such
penetrators which leads to increased stability and better performance at low
velocities. On the other hand, the break-up of the tip leading to a more
nearly flat-ended projectile at high velocities means that shape
considerations are less important at high velocities and the model does have
some application to these pxojectiles at high velocities.
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As indicated above, erosion based on the simple concept used in the
formulation of the model does not occur for cylindrical projectiles of
practical diameter at typical ordnance velocities. Thus the severe
deformation and mass reduction of such penetrators must be considered in other
terms. In the calculations performed in cases where there was no erosion,
Figs. 4, 5 and 6, reductions in projectile length by a factor of five were
common; this represents slightly more than a doubling of the diameter but is
a significant geometry change and a large amount of strain. It is to be
expected that, with such large strains, materials of limited ductility may
fracture; furthermore, significant heating of the projectile and target might
lead to adiabatic shear instabilities if the thermomechanical properties of
the materials are suitable. Fracture and adiabatic shear will only be
important where there is a possibility of material breaking off from the line
of penetration, and this is most likely at the edges of the penetrator and on
breakout from finite thickness target plates. A further mechanism of
material removal is by shearing at the siota of the penetrator. Although
shearing of the edges is necessarily included in the model in the calculation
of force equilibrium, indicating its importance, the shear displacements were
not accounted for and with deep penetrations they would be expected to be
large. The use of shearing as an erosion mechanism would probably be more
realistic than the mechanism which is presently included in the model. This
would permit a gradual reduction in the mass of each element and removal of
material from the projectile in contrast to the present situation where no
mass is removed for practical problems. The difficulty is to decide on an
appropriate diameter at which shearing is to occur.

Whilst this discussion of projectile failure is largely qualitative it
i. felt that the model gives some indications of possible behavior. The
breakdown of ogive penetrators at high velocities can be explained in terms of
flattening of the tip by unrestrained radial expansion, as was suggested by
Brooks [10]. At practical velocities and projectile geometries, erosion by
such a mechanism is not generally applicable to rod-shaped projectiles and we
must look at other mechanisms such as the large plastic strains, fracture,
adiabatic shearing and plastic shearing at the projectile/target interface to
explain shape changes and mass losses for such rounds.

PARAMETRIC INVESTIGATION

The principal material parameters considered in the model which may
effect performance of a penetrator or target are the density (P), strength
(a.), and work hardening exponent (n). Using a particular case for the
results of Tate et al. [71, these parameters were increased and decreased,

generally by ten percent, to see how much they would alter the depth of
penetration into the semi-infinite target. The basic case considered was for
a projectile of length to diameter ratio 3, mass 33.7 g and diameter 9.45 mm
travelling at 1500 ms-1 . The input for this situation is used as the example
problem in the Appendix. Each material parameter was varied In turn by ten
percent and the results compared with the basic run. One limitation to the
following discussion, therefore, is that it is centred around a particular set
of conditions.

9



Ten percent variations in the work hardening exponent (n) of the
projectile and the target gave less than one percent change in depth of
penetration. Surprisingly, the effect of penetrator strength (0 ) was also
negligible. Because of the significance of this result, the penerator
strength was permitted to cover a wider range from the standard value of
932 MPa and, as shown in Fig. 9, there is negligible influence on depth of
penetration over a wide range. An explanation of this may be that the
stresses due to the constraint of the target and the radial inertia may be
much greater than the penetrator flow stress. On the other hand an increase
in target strength (0t) of ten percent gave approximately six percent
reduction in depth of penetration; these calculations were also extended over
a wider range from the initial 1269 MPa and the results are shown in Fig. 9.

A ten percent increase in penetrator density, and hence an equivalent
increase in mass and kinetic energy for the same size and velocity penetrator,
gave approximately eight percent increase in depth of penetration. A ten
percent reduction in target density gave slightly less than one percent
increase in depth of penetration; however, in terms of areal density, this
represents a reduction of approximately ten percent for a material of the same
strength. Whilst changes in density of the target by such figures are only
of academic interest for a particular material, they do indicate possible
benefits by changing the material itself to obtain a lower density.

Of the parameters considered, only target strength and density and
penetrator density gave significant changes in performance. A parameter not
included in the model, which is undoubtedly important, is ductility. As
penetrator strength is not critical it becomes clear that sacrificing strength
for increased ductility is a possibility. The model does not account for the
influence which strength may have in providing stiffness to resist buckling on
oblique impact and deformation during launch.

(

CONCLUSION

A model for the deep penetration of semi-infinite metal targets by
cylindrical projectiles has been described and quantitative calculations
compared with published experimental data. The model was used to examine
materials parameters which influence performance of projectiles and armour.
Density of the target and the penetrator and target strength are shown to have
large influences on penetration depth in normal impacts. The principal
aspects which the model does not consider are oblique impact and penetrator
ductility.

A
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APPENDIX

A description is given of certain particular aspects of the program that
is used for the computations (SLAM) followed by a listing of the program and a
typical input and output. The program uses twenty elements for the
projectile and thirty elements for the target, which has been more than
sufficient for most problems. Care must be exercised if it is necessary to
change the element numbers or the equations of the program as some fixed
constants throughout the program are based on the element numbers and also it
is necessary to trace the units from the input. Sufficient comment
statements have been added to identify various sections and the logic should
be traceable using the equations set out in this report.

Input parameters which are easily determined are projectile mass,
velocity and diameter and projectile and target densities and Young's
Moduli. The materials parameters 0o and n are obtained by fitting material
stress/strain data to equation 7(a) using a log/log plot for both the
penetrator and target materials. In doing this, better results should be
obtained by using compressive data with a loading axis coinciding with the
expected impact direction for both penetrator and target in order to account
for the influence of texture effects on strength. Furthermore, as it is a
high strain problem, the curve fitting of the stress/strain data is more
appropriately done using the high strain data. The choice of target
thickness for input to the model should be made so that each of the thirty
elements is not excessively large, at the same time too thin a target which
results in the rear elements being noticeably deformed should be avoided. If
the target Is too thin then the last element will indicate a significant
velocity in the output and the calculation should be repeated with a thicker

target. As a first guess, making the target thickness 1.5 to 2 times the
projectile length is generally satisfactory. The maximum allowable time
increment can be estimated as £/200 VpIE for twenty projectile elements
where Z is the projectile length and p and E its density and Young's Modulus
respectively. This is the elastic wave transit time for the minimum element
length.

The principal output lists a number of parameters of general
interest. MIN and MAX are the numbers of the end projectile and target
elements respectively, furthest from the impact interface. If MIN is greater

than I then projectile erosion has occurred and if MAX is less than 50 target
erosion has occurred; each element removed changes these by one unit. The
interface projectile element is 20 and the corresponding target element is
21. The diameters D(N) and Velocities W(N) of these interface elements and
adjacent elements are printed. Furthermore the velocities of the end
projectile, W(MIN), and target, W(KAX), elemTnts are given. When the rear of
the projectile is moving at less than 10 ms or if all projectile elements
have eroded then the problem is stopped. 'W(MAX) can be used to indicate If

the rear of the target has picked up any significant velocity, which would
indicate too thin a target to assume it to be semi-infinite. Length
dimensions are in millimetres and velocities in kilometres per second in the
output. The other important parameters in this output are the projectile
height (HP), the depth of penetration (DP) and the time (T) in
microseconds. Allowance has been made for the output of several other
parameters for each element, however, the format statements may have to be
changed to suit the particular problem.

12



PROGRAM LISTING

PROGRAM SLAM (TAPE1, TAPE2, TA PE3,9TAPE 4oTAPE5P TAPE 6,TAPE71oTAPES)

C S LAM
C CALCULATES DEPTH OF PEMETRATION AND AMOUNT OF EROSION
C FOR PEN~ETRATORS ENTERING SEMI-INFINITE TARGETS
C WRITTEN BY RAY WOODWARD 1979
C MATERIALS RESEARCH LABORATORIES MARIBYRNONG AUSTRALIA
C

DIMENSIONP(71),U(71),*UP(71),oUD(71),UN(71),E(71),A(71),DS(71)
2,#S(71),*D(71),W(71),*ASS(71),FB(71),DEP(71),TOR(?1),DSL(71)
4C(71), DSP (71),SM (71),*SMC (71)

21 FORMiATCF5.31F6 3/F6.JLIF5. 3/F6.2/F5.3/F5.2/F7.O/F7.O
3/F5e2/F5*3/F6.11F6*2)

23 FORMAT(20F4.1/20F4e1110F4o1)
24 FORIIAT(F3.O,18F7.O/l8F7.O/12F7.O,F3.O)
25 F ORMAT (20F 6*3/20F69 3/ 10F 6*3)
26 FORMATC2OF5*1/20F5.1/10F5.1)
27 FORMAT(F3e.O,18F6.0118F6.O/12F6.OF3.O)
28 FORMAT(20F6.3/20F6*3/10F6.3)
29 FORMAT(3F8.3138FS.3,1I3)
77 FORMAT(T3,'HP'T11,'IDP'T2O,'T'T24, 'MIN'T29,'IW(MIN)'T38,'IW( 19)'
1T46,'D(19)'T54,'W(20) 'T62,'D(20)'T70, '(21)'T78,'W(221'T85, 'W(MAX)
21 Tol, ' MAX'I)
WPITE(Si77)

C INPUT-DT TIME INCREMENT ?ICROSECS
C -ASSP MASS PROJ GMS
C -SOP SIGHA ZERO PROJ MPA
C -ENP WORK HARDENING INDEX PROJ
C -D9 DIAM PROJ MM
C -V VEL PROJ Kli/SEC
C -ROP DENSITY PROJ GM/CC
C -YP YOUNGS MOD PROJ MPA
C -YT YOUNGS MOD TARGET MPA
C -ROT DENSITY TARGET GM/CC
C -ENT WORK HARDENING INDEX TARGET
C -SOT SIGMA ZERO TARGET MPA
C -DST THICKNESS TARGET MM

READ(1,21)DTASSP, SOPENPDOV*ROPsYPYTROTENTjSOT, DST
T=o
DT2-DT**2
ASSTu .0007854*DST*ROT* (Dg**2)
ASPL-ASSP*.05

ASTL-ASST/30
AOue7845*(00**2)
DSOPUCASPL/(ROP*AO) )*1E3
DSOT-DST/30
V DTuV* DT
IF(SOP.GTeSOT)GO TO 34
SOL-SOP
GO TO 35

34 SOL-SOT
C
C 37 SETS UP INITIAL PROJECTILE PARAMETERS
C

35 D0371-1.920
P(I)uO
U(I )wDSOP*FLOAT(I)

13



UDCI)-0
DSPCI)-aDS1OP
DS(I)=DSOP
E(I)0O
A(I)=A
S (I ).O
ASS(I)-ASPL
B(I)-O
TOR(I)-O
DSI (I) uDSOP
C(I)-O
SM(I).0
SMC(I)u0

37 CONTItlUE
C
C DPMIN- MIN HEIGHT OF PROJ ELEMENT FOR EROSION

DPMIN-DSOP/1O.
C
C 38 SETS UP INITIAL TARGET PARAMETERS
C

D0381u2, 30
Ju-I1
N=I+20
P (N )WO
UCH )-U(20)+DSOT*FLOAT(J)
UP CN).U (N)
UD(N) =0
DSP (N)-DSOT
DS(N)-DSOT
E(N)=0
A (N ) AD

A SS (tI)-AS TI
TOR (N) =0
DSL(N)=DSOT
C(N)w0
SM (N) o
SMtC (N) =0

38 CONTINUE
UR=U(20)

C DTMIN- MIIN 11EIG11T JF TARGET ELEMENT FOR EROSION
DTMIN=DSOT/10.

C
*C SET UP PARAMETERS FOR INTERFACE ELEMENT

ASS (2 )) -ASTL +ASPL
UP(20)=UC20)-S QRTCDT2*ASPL*(V**2)IASS(20))
W(50)uO
DSL (21 )=DSDT
P(21)-0
UC21)-U(20)
UP(21)utJP (20)
D4SP 21)uDSOT
AC2l)uAO
SCZ1)-O
TORC21)-0

14



C
C LABEL FIRSTiSECONDLAST AND SECOND LAST ELEMENTS

MIN-1
* N I NA-Z

tIAX-50
MAXB-49

C
C 72 IS MAIN CALCULATION LOOP
C

DO72Ku1., 50000
C
C CALCULATE POSITIOIN OF SURFACE OF TARGET

UR-UR+W (MAX) *DT
C
C CALCULATIOM OF MOVEMENT OF INTERFACE ELEMENT

UD(20)m(P(21)-P(20)+TaR(21)4TOR(20) IIASSCZO)*lE-6
UN (20) UD(20)*DT2+2*1J(20)-UPC 20)
UP(20)-UC 20)
UCZ0)=UNC 20)
IF(MINoGT*19)GO TO 391

C
C 39 CALCULATES MOVEMENT OF PROJ ELEMENTS

D039N-M!N, 19
M-N.1
UD(N)-((P(M)-PCN)+TOR(N))/ASS(N))*lE-6
UN (N) .ID( N) *DT2.2*IJ N )-UP (N )
UP (N) .U(N)
U (N )UN (N)

39 CONTINUE
C
C 40 CALCULATES MOVEMENT OF TARGET ELEMENTS
391 D04ON-22.p,4AX

N-N-I
UDCN)-C (P(N)-P(M)+TOR(N))/ASSCN))*1E-6
UN (N) -UD (N)*DT2+2*U (N )-UP (N )
U P1N) -U(IN)
U(N)-UHN)

40 CONTINUE
U( 21) -U(20)

C UP(21) - UP (20)

*C 43 CALCULATES NEW HEIGHTS OF PROJ ELEMENTS
D0431 -MINA, 20
N.J-I
DS(J)=U(J)-U(N)
IF(DS(J).GT.DSL(J))GOTO 43
DSL (J)-DSC(J)

43 CONTINUE
C
C 44 CALCULATES NEW HEIGHTS OF TARGET ELEMENTS

D044J-21,MAXB
N-J+l
DS(J)-U(N)-U(J)
IF(DS(J).GT.DSL(J))GO TO 44
DSL(J)-DS(J)

44 CONTINUE
DS (MIN) =DSOP

15



DS C fAX)wDS1T
C
C 46 CALCULATES STRAIN AND STRESS IN PROJ ELEMENTS
C

D046J -MItI,210
E(J )UALOG COSOP/OS (J))
A(J)-ACJ)*DSP(J )/DS(J)
IFCDS(J).GT.DSLCJ))GO TO 62
SCJ)uO.-SOP*(E(J)**ENP)-1.7*B(J)*SOT
SMCJ)uSOP*(ECJ)**ENP)
SMC(J)5C(J)
C (J )-S(J)+YP*E (J)
GO TO 54

62 S (J)--YP*E(J )+C (J)
IF(S(J)*LT.SHCJ))GO TO 548
S(J)-Sfl(J)
C(J)-1S(J) +YP*E( J)
GO TO" 54

548 IF(SCJ).GT.StIC(J))GO TO 54
S(J)=SMC(J)

* C(J )-S CJ).YP*E(J)
54 D(J)=1.12838*SQRT(A(J))

DSP (J )=DS(J )
IF(U(J).LE.UP(J))GO TO 32
TOR(J)u-1.8137*D(J )*DS(J)*SOL*BCJ)
GO TO 31

32 IF(U(J)oLTUP(J))GO TO 33
TOR(J)=0
GO TO 31

33 TOR(J)=1.8137*D(J)*DS(J)*SOL*BCJ)
31 W(J)-('J(J)-UP(J))/DT
46 CONTINUE

* P(MIN)=S(MIN)*A(MIN)

C 11 CALCULATES FORCE IN PROJ ELEMENTS
DO 11J = MIN A, 20
JM-J-1
IF(W(J).LT.WCJM))GO Ta Ill
R IN =0
GO TO 112

111 RIN=-46.875*ROP*CC(dCJ)-WCJM))*DCJ)/DS(J))**2
112 P(J)=(SCJ)+RIN)*(A(JM)+A(J))/2

11 CONTINUE
C
C 59 ASKS IF ANY ELEMENTS OF PROJ ERODED
C IF SO 61 REZONES OTHERS
C

D059J-MINIAo 20
IFCDSCJ).GT.!DPMIN)GO TO 59
11 L- J
GO TO 53

59 CONTINUE
GO TO 56

58 MIN-1iIN+1
MINA-MINA+1
D061N-IIINPML
J -ML4?IN-N

16



JJ=J-1
p(WJ)-P (JJ
U(JJ-%U(JJ)
UP(J)oUP(jj)
DSP U) uDSPCJJ)
DS IJ)-OSIJJ)
E(J)nE(JJ)
A(J)uA(JJ)
S(J)-StJJ)
C(J)NC(JJ)
DSLCJ)uDSL(JJ)
SN(J)-S"(JJ)
:SMC WJ )-SHC(WJ J
TOR(J )oT*R(JJ)

61 CONTINUE
IF(IIL.LT.2OIGO TO 56
UP(20)-U(20)-SQRT(DT2*(ASPL*W(19)**2.ASTL*W(20)**2) /(ASTL4ASPL))

c
C 21 CALCULATES STRAINI AND STRESS IN TARGET ELEMENTS
C

56 D047J=21,IIAX
E(J )ALOG(DSOT/DS(J))
A(J)=A(J)*DSP(J )IDS(J)
IF(DS(J)GT.DSL(J))G91 TO 66
S (J )O.-2.7*SOT*(E(J)**ENT)
SM(J)0O.-SCJ)
SNC(J)-S(J)
CU )-S(J)+YT*E(J)
GO TO 18

66 S(J)--YT*E(J)+C(J)
IF(S(J)sLTSM(J))GO TO 1881
S(J)ftSM~j)
C (J )-S (J) + YT*E( W

*G GTO 18
188 IF(S(J).GT.SMC(J))GO TO 18

S(J)nSMC(J)
C(J).S(JIIYT*E(J)

* le1 D(j)*1.12838*$QRT(A(J))
DSP(J)=DS(J)
IF(U(J)eLE.UP(J)3GO TO 48
TORlS) .-1.8137*D(2O)*DS IJ)*3OT
GO TO 49

48 IF(U(J)oLT*UP(J))GO TO 488
TOR(J~uC
GO TO 49

460 TOR(J)wlell13?*D(2OI*DS(JI*SOT
49 I(J-(UtJ)-UP(J))/DT
47 CONTINUE
19 P(MAX)-SCMAX)*AIMAX)

C
C 12 CALCULATES FORCE IN TARGET ELEMENTS

DOl2Jn21, MAXB
J"N~J.
IF(W(J),GT*W(JII))GO TO 121
RIN-O
GO TO 122

121 RIN.-46.875*ROP*((W(J)-W(Jr))*D(J)IOS(J))**2

17



*122 P()(()RN*AJi+()1
12 CONTINUE

C
C ASK IF ANY ELEMENTS OF TARGET ERODED
C IF SO 64 REZONES OTHERS
C

IF(DS(21).GToDTMIN)GO TO 51
lAX-MAX-1
MAXB- MA B-i
D064N=21, MAX
JJ-N+l
P(N)-PCJJ)
U(N)-U(JJ)
UP(N)-UP(JJ)
DS P (N) - DSP (J J
DS(N)-DSCJJ)

* E(N)-ECJJ)
A(N)-A(JJ)
S(N)-S CJJ)
ASS (N) -ASS (JJ)
TOR(N)-TOR(JJ)
C(N)-C(JJ)

* DSL (N)-DSLCJJ)
SM(N)-SM(JJ)
SMC(N)-SIIC(JJ)

64 CONTINUE
UP(20)=U(20)-SQRT(DT2*(ASPL*W(20)**2+ASTL*W(22)**2)I(ASTL+ASPL))
IJ(21)-U(20)
UP( 21) UP( 20)

51 T-T+DT
C
C 67 DETERMINES WHICH PROJ ELEMEMTS ARE INSIDE TARGET
C WHICH HAVE DIAM *GT. INTERFACE DIAM-FOR USE IN
C FRICTION AND CONSTRAINT CALCULATIONS VIA THE
C PARAMETER B(N)

DO67N-MIN, 10
DEPCN)=UCN)-DS(N)-IJR
IF(DEP(N).LT.O)GO TO 68
B(N)-1
GO TO 677

68 DEP(N)-O.-DEPCN)
IF(DEP(N).LT.DS(N))GO TO 69
B(N)-0

at GO TO 67
4 69 B(N)=(DS(t4)-DEP(N))IDS(N)

677 IF(D(N)*GEoD(20))GO TO 67
B(N)-0

67 CONTINUE
HP-0

C
C 81 AND 82 CALCULATE HEIGHT OF PROJ AND DEPTH OF PENETRATION
C

DOS AHZ-M I N 20
HP-HP+DS(NZ)

81 CONTINUE
HT-*0
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D082HZ-21,IIAX
HT-HT+DS(NZ)

82 CONTINUE
DPuDST-HT

C
C PRINTING
C

DOS 3N-1, 100
INC .N*500
IF(W(MIN).LE..0l)GO TO 79
IF(MIN*GTo19)GO TO 79

* a IF (K-INC)72,979.*83
83 CONTINIUE

C
C 79/2 TO 7 PRINT-POSITIONPFORCEPHTPDIAM,#STRESS AND VELOCITY
C

79 WRITE(2p23)CU(I),vIu1,50)
WRITE( 3P24) (PC(I )p 11, 50)
WRITE(4.v25) (DS(I),Iw1, 50)
WRITECS,26) (D(I),I-1,50)
WRITE (6.,27) (S(I), 1., 50)
WRITE(7,28) (W(I),Ilul,50)

C
*C 179 PRINTS VARIETY OF PRINCIPLE PARAMETERS

179 WRITE(8,29)HPDP,*TMINW(NIN),vW(19),*D(19),W(20),D(20), 0(21)
be W( 22), V( MAX) )MAX
IFCW(MIN)eLE..O1)GO TO 99
IF(IIIN*GT.19)GO TO 99

72 CONTINUE
99 STOP

END

19
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4

TYPICAL INPUT

Quantity Units Meaning Symbol In
Program

.02 microseconds time increment DT

33.7 gm penetrator mass ASSP

932. MPa penetrator strength (O) SOP

.07 (dimensionless) penetrator workhardening ENP
exponent (n)

9.45 mm penetrator diameter DO

1.5 km s-1  penetrator velocity V

17.0 gm cm -3  penetrator density ROP

272000. MPa penetrator Young's Modulus YP

206841. MPa target Young's Modulus YT

7.8 gm cm-3  target density ROT

.14 (dimensionless) target workhardening ENT
exponent (n)

1267. MPa target strength (a) SOT

100. mm target thickness DST

TYPICAL OUTPUT

ri', T M0h ( jc.q ) 1()) hU) ()) nI P) f0P) to (iMAR) MA? I . 0 7 1 . '. 1 0 . 0h 1 1 , 1 1 . 4 0 -r . 7 7 3 1 7 . 1 A I . 7 c ? 1 T . 1I h 1 7 . 1 4 1 . 7 2 1 . ( 0u l S O
1.;If7 I r . 30 P ?. 0 f, 1 1.441 . tS4 1 .#,on r~7CO Y'.'77P 1 ,. 6; .E71 -. 0tq SO.lAI P?.n3i 30. ro f .7141 .611 P0.341 .@DQ 20.3 1 AR.7C0 , -. 0O0 %V
-04 P7. I n; 4o.00(. 1 .401i, .464 ;O.2347 .404 ?01.?32 1 A. 717 .602 -4,1~ %7 3f.4 -4. oA I .?Q .'(,b ?n.:31 . 01F4 ?f.317 IA.701 .2AN .0.4 12O

7.4l0 31.? w7 60.0on I .07P .VQ P0.34n .01Q 20.371 1l.701 .017 .(til %0
7.97 31.?e3 61)O.4"0 1 .0n .004 P0. 30 .004 e0.1?0 1',.01 .01? .001 *.o
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TABLE I

MATERIALS PROPERTIES

Work

Designation Material Strength Hardening Dest Function
Description a%(MPa) Exponent, P(gm cm )0 n

A Copper 443. 0.1 8.96 penetrator

B 2024T351 776. 0.096 2.7 target

Alumi n iurn

C Tungsten Alloy 1967. 0.25 18.6 penetrator
Kennertium W2

D Mild Steel 816. 0.19 7.8 target

E Tungsten Alloy 932. 0.07 17.0 penetrator

*F Armour Steel 1267. 0.14 7.8 target

G Tungsten Alloy 1146. 0.065 17.36 penetrator

H U-2Mo Alloy 1268. 0.061 18.7 penetrator

I SAE 4130 Steel 1290. 0.095 7.8 target
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TARGET-

i
FIGURE I Schematic illustration of the correspondence between the

geometry of penetration and the model using impacting
cylinders. The distinction between penetrator and

target cylinders is via the constraint which is experienced
by all target elemients but is selectively applied to
projectile elements as discussed in the text.
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PENETRATOR TARGET

MAS M 2  INTERFACE Mj

Ni-1 LjNi

Ti

FIGURE 2 The division of the projectile and target cylinders into

segments each consisting of a point mass, m i and a
massless link, Li. The element at position ui is
moving at velocity ui and is subject to normal forces,

Ni, transmitted throughout links and shear forces, Ti,
applied at the edge of each cylindrical element.
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FIGURE 3 Stress/strain relations used for the target and the
penetrator. Curve (B) is the form of the stress/strain
curve for the target material obtained from uniaxial tension
or compression tests. The model increases the strength
to 2.7 times this value to obtain curve (A) which then
includes the constraint and is the loading curve used
for all target elements. The unloading path from (A)
uses the target material Young's Modulus and work
hardening is only allowed on further compressive loading
to higher strain, an approximation. Curve (C) is the
stress/strain properties obtained from uniaxial tension
or compression tests on penetrator material and is used
for unconstrained projectile elements and for unloading
using the projectile Young's Modulus. Those projectile
elements which are constrained are loaded along curve
(O) which includes an increment due to the target
constraint. Compressive stress and strain are plotted
as positive in the diagram for convenience as loading
occurs in compression and unloading is tensile in the
problem.
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FIGURE 4 Comparison of depth of penetration and final penetrator
length between experiment and model calculations for
(a) 1.96 g copper cylinders of diameter 4.76 mm fired into
semi-infinite 2024 T351 aluminium targets and (b) 3.29 g
tungsten alloy, lKennertiuu W2, cylinders of diameter
4.76 fired into semi-infinite mild steel targets.
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FIGURE 5 Depth of penetration divided by diameter plotted as a
function of velocity for penetrators of three length to

diameters (L/D) ratios. The experimental points were
replotted from the work of Tate et al. [7). The
calculations with the model used the properties for
materials E and F in Table I and covered all the mass
and diameter ranges used by Tate et al. [71 resulting in
three basic curves shown for the three L/ID ratios.
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60 EXPERIMENT
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FIGURE 6 Plots of experimental results of Brooks and Erickson [81
for three cases, including cylinder and ogive projectiles
of both tungsten and U-2Mo alloy materials; the letters
G, A and B relate to the cases in the report of Brooks and
Erickson [81 which were taken. Some calculations for

cylindrical projectiles of the same mass and diameter are
given for tungsten and U-2Mo alloys using the properties
of materials G, H and I in Table I.
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FIGURE 7 Plots of depth of penetration against velocity using the
experimental data of Brooks (91 for tungsten alloy ogive
projectiles with a 1.27 mm radius rounded nose and for
calculations using material properties C and I in Table I.
The calculations are for cylindrical projectiles of the
same diameter (8.86 mm) and mass as the penetrator used
by Brooks [9] and for smaller diameters, and mass, as
indicated on the curves.
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FIGURE 8 Cross section of a tungsten alloy, Kennertium W2,
penetrator with 900 included angle conical 1end, which has
been fired into an armour steel at 695 ms . Note the
stability of the nose of the penetrator and the large
strains further back along the length of the penetrator.
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FIGURE 9 Influence of penetrator and target strength on depth of

penetration of a tungsten round into a semi-infinite armour

steel target. The basic material properties and geometric

conditions used for the calculations are indicated in the
text.
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